Introduction
Despite the widespread adoption of roundabouts in continental Europe, the United Kingdom, and Australia (NAASRA 1986; 1997; Department of Transport, United Kingdom 1993) , reaction to their installation in the United States remains mixed (ITE Roundabout Accessibility Summit, 2002) . By sharply reducing the potential for highspeed angle crashes, roundabout designs generally result in fewer serious injury crashes and fatalities (FHWA, June 2000) .
While roundabouts appear to be safer for the operation of motorized vehicles, the evidence for a similar safety effect in the case of pedestrians is unclear (Persaud, et al., 2001, Brüde and Larsson, 2000) . Where data are available on pedestrian exposure, pedestrian volumes at roundabouts are generally too low to provide statistical confidence regarding their safety performance.
While the safety of roundabouts for pedestrians will continue to be 'inferred,' rather than 'observed ' (e.g. NHTSA 1999; Retting, 2002) , there is presently much debate over the issue of pedestrian access, particularly for pedestrians who are blind or function with low vision Long, et al., 2002; Access Board Bulletin 2002) . Access in this context refers to the pedestrian's ability to (a) locate the crosswalk, (b) correctly orient the direction of the crosswalk, (c) determine when it is safe or permissible to cross, and (d) have sufficient time to cross. In fact, access for blind pedestrians and those with low vision is the focus of current US Access Board draft recommendations which propose that signalization is a necessary condition to ensure access for blind pedestrians.
Signals. A pedestrian activated traffic signal complying with 1106 shall be provided for each segment of the crosswalk, including the splitter island. Signals shall clearly identify which crosswalk segment the signal serves
The Access Board recommendation runs counter to the basic engineering premise of effective roundabout operation, in which traffic should proceed uninterrupted, yielding as needed to pedestrians at crossings, and to vehicles in the circulatory roadway. The Access Board recommendation is under review and has not yet proceeded to final rule making.
The present research was motivated by the need to address some of these critical issues. The study was aimed at documenting, through exploratory computer modeling, the expected nature of blind versus sighted pedestrian crossing performance at roundabouts, and to gather preliminary data (via modeling) on alternative signalization concepts and their potential impact on traffic performance in roundabouts.
This study is unique in that it represents a first attempt at the explicit modeling of pedestrian vehicle interactions at roundabouts in a micro-simulation traffic environment.
The study uses observational data of gap perception behavior by blind pedestrians for incorporation into the logic of the model. Finally, the study for the first time explores some signalization alternatives for pedestrian crossings near roundabouts and tests their impact on roundabout system operation.
Methodology
The methodology used in this study consisted of three steps.
1) Selection of an appropriate simulation tool
2) Selection and coding of a test roundabout incorporating observational data of actual pedestrian gap perception behavior 3) Conduct of modeling experiments related to the differential performance of sighted and blind pedestrians at roundabouts, and the evaluation of alternative signalization schemes
It is important to note the limitations of the present study. While the observational data provided for real world calibration of pedestrian gap perception parameters, most other model parameters were kept at their default values. Of course, model input data such as volumes, turning movements, speed limits, roundabout geometry, etc. were taken from an actual test site, and therefore are representative of field operation. The reader should therefore be aware of the exploratory nature of this work, and of the need for formal model calibration and validation studies before definitive solutions to this problem can be proposed and tested.
Selection of Simulation Tool
Several roundabout analytical and simulation tools were reviewed including aaSIDRA (2002) , Paramics (2000) and VISSIM (2001) . Because the focus of this study was on pedestrian vehicle interaction, it became clear very early on that VISSIM provided the best platform to achieve the study objectives (see Rouphail, et al., 2002 VISSIM consists of three major components -an input module, a simulator, and an output module. The input module is a Windows-based user interface. The simulator (processor) is used for generating and moving traffic, updating system status, and collecting statistics. The output module typically produces animation movie files (in "avi" format) and text output.
Incorporating Observational Data on Pedestrian Gap Selection
For the present study, gap selection attributes of blind and sighted pedestrians at roundabouts were derived from field data collected at three operational roundabouts in the Baltimore, Maryland metropolitan area (Towson, Annapolis, and The University of Maryland Baltimore Campus-UMBC). The methodology by which these data were collected is described in Guth, et al (2002) . These data were collected as part of a grant awarded by the National Eye Institute (NEI) of the National Institutes of Health (NIH).
The focus of the grant was on problems experienced by blind pedestrians and those with low vision at complex intersections.
For safety reasons, experimental subjects in the work reported here did not actually cross the street, but rather, from a stationary position on the curb, made judgments about when they perceived it was safe to cross. In the modeling work reported here, data on the (perceived) gap selection attributes of blind and sighted pedestrians were taken from the single-lane UMBC roundabout data reported by Guth, et al. (2002) .
Initially, estimates of the perceived critical gaps for sighted and blind pedestrians were calculated, based on the experimental data. Each experiment reported in the work of Guth, et al. (2002) consisted of recording, over a period of two minutes the size of the perceived accepted and rejected gaps for individual subjects. Multiple observations were collected from 6 blind and 4 sighted subjects who provided responses on when they perceived it was 'safe' to cross. The Maximum Likelihood Estimation (MLE) method described by Troutbeck (1992) was used to estimate the perceived critical gaps.
A closer inspection of the Guth, et al. (2002) data revealed that gap observations were made under extremely low volume conditions. For example, the mean observed gap size at the entry leg during the Guth, et al. experiments was 25.5 sec (equivalent to 141 vehicles per hour), while that at the exit leg was 32.5 sec (equivalent to 111 vehicles per hour). Under such conditions, it is difficult to assert a reliable value of perceived critical gaps given the very large size of the perceived accepted gaps. Indeed, the estimated perceived critical gaps using the MLE method were 7.75 seconds for sighted pedestrians, and 8.75 seconds for blind pedestrians. Compared with the required crossing time of five seconds, this indicates a rather large safety margin, which may be simply a reflection of the (large) size of the gaps that were available during the experiment.
Given the difficulties in directly estimating the critical gap, an alternative approach was then adopted. In this approach, the critical gap was estimated as the sum of latency and crossing time. Latency was measured from the time a vehicle passed in front of the subject to the time the subject indicated he/she thought it was safe to cross. The same crossing speed of 4 ft/sec was assumed for blind and sighted pedestrians since the literature indicates that people walking with a cane walk at about 85% the speed of a sighted walker while people with guide dogs walk at 105 to 110% the speed of a sighted walker (Reference will be added). Longer latencies for blind pedestrians reflect the fact that their perceptions of gaps in traffic rely on their ability to reliably 'hear' the sounds of approaching and departing vehicles, whereas the perceptions of sighted pedestrians are made primarily on the basis of visual cues. Thus, blind pedestrians may miss those gaps which would be sufficient in length to cross, but which cannot be reliably detected due either to their inability to detect an (auditory) event that defines the end of the gap or their inability to detect a 'quiet' period that defines a safe crossing opportunity. In addition, the results depict significant differences in latency times observed at the entrance and exit sides of the of the roundabout
The minimum perceived acceptable gap, assuming that the pedestrian has a latency time 'f', to cross a distance of 'w', at nominal crossing speed 's' can be computed as:
Because of the large standard deviation in the observations compared to the mean value, the research team opted for the use of the median value of 'f' in Table 1 for modeling purposes, as the median value is more "resistant" to extreme values on either side of the distribution. Equation (1) provides a rough estimate of the critical gap. On the one hand, the actual latency time could be slightly overestimated, since the pedestrian subjects had long gaps to choose from during the experiments. On the other hand, the use of crossing time without assuming any safety buffer following the completion of the crossing may slightly underestimate the correct acceptable lag. These two errors are likely to cancel each other in the final determination of the critical gap. Using Equation 1 and assuming a crossing speed of 4 ft/sec for all pedestrians (see previous section for justification), the minimum perceived gaps for sighted and blind pedestrians were calculated for the PS roundabout and summarized in Table 2 . 
Modeling of Test Roundabout

Latency Lag
RESULTS
Experiment I
Starting with the base volume model with pedestrian volumes of 40 per hour on the Southbound Pullen approach, a sensitivity analysis was conducted to investigate the relationship between pedestrian delay for blind and sighted pedestrians and vehicle volume. This analysis was performed for a range of vehicle volumes from 60% to 140% of the base noon counts (which are shown in Table 3 ). The largest vehicle volumes result in a v/c ratio of about 70% for the tested approach. In VISSIM, delay is incurred whenever the speed of the vehicle or pedestrian is below the desired speed value. To extract pedestrian delay, four entry areas and four exit areas were defined in VISSIM.
Each area included half the crosswalk from the near curb to the splitter island and from the splitter island to the far curb. A delay counter started when a pedestrian arrived at the curb or splitter island, and was stopped when the pedestrian began crossing to the splitter island, or the far curb. Trend lines and pedestrian delay estimates generated from VISSIM are shown in Figures 3, 4 , and 5. Figure 3 shows the full crossing delay from curb to curb for blind and sighted pedestrians, respectively. The delay to blind pedestrians is, as expected, higher than that for sighted pedestrians. is not surprising to note that delays for sighted pedestrians were less than those experienced by blind/low vision pedestrians. Moreover, there appear to be small differences in pedestrian delay between the exit and entry legs for sighted pedestrians (since the difference of their minimum gaps was smaller (0.3 sec)), but a larger difference for blind/low vision pedestrians at the two locations (where minimum gaps differed by 0.7 seconds). Vehicle delay was found to be largely unaffected by pedestrians in our VISSIM simulations. Vehicle delay values are not shown in the figure, but the results indicate that for the given (low) pedestrian volumes, the largest determinant of vehicle delay was that incurred at the roundabout yield line. 
Experiment II
The results of Experiment I suggest that if equal access is to be granted to blind and sighted pedestrians at roundabouts, some means needs to be created that serves to more closely equate the quality of service for blind and sighted pedestrians. This can be done one of two ways: (a) augment the cue environment of the blind pedestrian to the point where crossable gaps are more reliably detected, or (b) force the occurrence of more crossable gaps for the blind pedestrian. The Access Board recommendation that roundabouts be signalized would serve to both 'force' a gap in the traffic stream (upon pedestrian activation of the signal) and provide a reliable cue (e.g., through an accessible pedestrian signal or other device) that such a gap is present. Two The results summarized in Table 4 show that pedestrian delay increases as a function of pedestrian demand for signals at both the splitter island and the mid-block crosswalk locations. Data on total pedestrian travel time are also of interest in that the use of the mid-block crosswalk would require the additional time to walk to/from the mid-block location from the area of the splitter island. The differences in delay between scenarios 1 versus 2 (and 3 versus 4) are caused by the fact that when actuated by pedestrians, the vehicle signal phase must first cycle over its minimum green time, before it can service the pedestrian phase. With only six calls per hour, it is likely that the pedestrian phase can be served almost immediately after each call.
Total travel time is clearly extended under the assumption that all pedestrians would have to walk to/from the mid-block location to effectively cross the street. However, it is interesting to note that from a delay perspective, a blind pedestrian crossing at a dedicated mid-block signal (under Scenario 3) experiences a delay of about 15 sec, which is actually smaller than what a sighted pedestrian would experience at the unsignalized crossing at the splitter island (20-35 seconds as shown in Figure 5 for the 140% Base case). With the added safety of crossing at a signal, this treatment may, under the right set of circumstances, achieve the equal access requirement. Figure 6 illustrates the effect on traffic of a pedestrian-activated signal placed at the splitter island for just one approach at the roundabout. Figure 7 shows the effect on traffic when the signal is placed at an upstream/downstream 'mid-block' location.
These images are from the 'avi' graphic output file of VISSIM. The model shows that when a pedestrian-activated signal is placed at the splitter island location, a queue forms behind vehicles attempting to exit, causing delay not only for those vehicles in the queue but for other vehicles whose paths are blocked by vehicles in the queue. A slightly better situation is seen in Figure 7 where a queue still forms at the signal, but depending upon the location of the signal and the length of the queue which forms, operations in the roundabout may not be affected by the queue. 
Conclusions
The present investigation has shown that modeling (in this case, using VISSIM) has the potential for enabling traffic engineers to consider the range of issues involved in accommodating pedestrian crossings at roundabouts, and in particular, the unique crossing requirements of those pedestrians who are blind or functioning with low vision.
Using estimates of the gap selection attributes of blind and sighted pedestrians gathered under actual operational roundabout conditions, the output of the model reflects the problems (in terms of pedestrian delay, or lack of access) that can be expected by blind pedestrians. Much more work is needed to construct realistic estimates of the pedestrian critical gaps, using observations of actual crossings by sighted and blind pedestrians including rejected and accepted vehicular gaps under a range of traffic volume conditions. The critical gap parameter is paramount to the development and evaluation of the effectiveness of unsignalized pedestrian treatments at roundabouts.
The present study's evaluation of a hypothetical pedestrian-activated signal at the splitter island approximates what might be the most obvious signalization treatment implemented in response to the Access Board's pending recommendation as to how to improve pedestrian access. While such a treatment would always guarantee a crossable gap for the pedestrian, it is clear that it could have a very disruptive effect on traffic operations within the roundabout both in terms of traffic efficiency as well as in terms of a possible increase in certain classes of collisions (e.g., rear end collisions, sideswipes, etc.). Unfortunately, there is very little guidance in the literature on the effectiveness of this treatment.
Use of an upstream/downstream (mid-block) pedestrian-activated signal and crosswalk would appear to be a good compromise, inasmuch as it would guarantee a crossable gap while minimizing any negative impact that queues formed by the signal would have on operations in the roundabout, per se. Clearly, more work needs to be done to define the limits of effective implementation of such a signalization concept (e.g., ped and vehicle volumes, distance removed from the roundabout, nature of the signal and signal characteristics employed, etc.). From more of a 'policy' standpoint, it needs to be considered whether or not such a upstream/downstream 'mid-block' crossing location would/should be the only location where it was permissible for pedestrians to cross, or whether it should be provided as a voluntary "alternative' to the crosswalk located at the splitter island.
The effective use of computer modeling in the present case suggests that modeling may represent a viable alternative to traditional field data collection methods where subjects are placed at risk for the sake of treatment evaluation. While modeling does not rule out the need for eventual evaluation of effects 'in the field,' it does permit one to approach operational field evaluations with the knowledge (from the model) that the treatments being evaluated have been shown to have a high probability of success.
